Single longitudinal mode (SLM) erbium-doped fiber lasers are of great interest due to their potential applications in coherent communications, sensors, and high-resolution spectroscopy 1,2 . Unfortunately, fiber lasers usually suffer from multimode operation with mode hopping because of very long cavity length and very narrow longitudinal mode spacing. Various schemes have been proposed to demonstarte SLM behavior, for example: using multi-ring cavity with a bandpass filter 3 , using a tunable fiber Bragg grating (FBG) Fabry Perot etalon 4 , and introducing a saturable absorber with a tunable FBG 5 . When employing an FBG, the mode competition and mode hopping instabilities could not be avoided because of the broad bandwidth of the FBG. In this paper, we propose and experimentally demonstrate a SLM fiber ring laser. Single frequency oscillation was achieved by employing the combination of a free space thin film bandpass filter and a Lyot filter which is composed of a section of polarization maintaining (PM) fiber and a linear polarizer.
Introduction
Single longitudinal mode (SLM) erbium-doped fiber lasers are of great interest due to their potential applications in coherent communications, sensors, and high-resolution spectroscopy 1, 2 . Unfortunately, fiber lasers usually suffer from multimode operation with mode hopping because of very long cavity length and very narrow longitudinal mode spacing. Various schemes have been proposed to demonstarte SLM behavior, for example: using multi-ring cavity with a bandpass filter 3 , using a tunable fiber Bragg grating (FBG) Fabry Perot etalon 4 , and introducing a saturable absorber with a tunable FBG 5 . When employing an FBG, the mode competition and mode hopping instabilities could not be avoided because of the broad bandwidth of the FBG. In this paper, we propose and experimentally demonstrate a SLM fiber ring laser. Single frequency oscillation was achieved by employing the combination of a free space thin film bandpass filter and a Lyot filter which is composed of a section of polarization maintaining (PM) fiber and a linear polarizer. Figure 1 shows the schematic diagram of the experimental setup to demonstrate the proposed SLM La-codoped bismuth based EDF ring laser. The fiber laser is composed of a 0.85-m long La-codoped bismuth-based erbium doped fiber (EDF), a three port circulator, a fiber bench with a thin film bandpass filter, a linear polarizer, a polarization beam splitter and three wave plates. La-codoped bismuth oxide glass is much more soluble to Er 3+ ions than silicate glass and thus high concentration of Er 3+ ions up to 13000 ppm can be doped in bismuth-based glass without significant ion quenching effect 6 . Consequently, relatively short-cavity fiber ring lasers can be constructed with La-codoped Bi-based EDF. The Bi-EDF is pumped with a 1475.1 nm semiconductor laser diode with 200 mW of optical power via Port 1 of the circulator, which exhibits a flat passband at around 1550 nm. The refractive index of the core and cladding of the Bi-EDF are 2.03 and 2.02, while the diameter of the core and cladding are 4.0 and 125.6 μm, respectively. The erbium concentration in the Bi-EDF is 6470 wt-ppm and the La concentration is 4.4% by wt. The peak absorption of the Bi-EDF at 1480 and 1530 nm are 167 and 267 dB/m, respectively 7 .
Experiment
Both ends of the Bi-EDF were first angle spliced to high numerical aperture fiber (Corning HI980) before splicing to single-mode fiber (SMF-28), providing better mode field diameter matching. The splicing loss attained was less than 0.2 dB for the angled splices. The angled splices reduce the reflection in the laser cavity to less than 60 dB. A C-band circulator is employed to couple the light from the pump laser as well as to ensure the unidirectional operation of the ring cavity. The backward propagating amplified spontaneous emission (ASE) enters the Port 1 of the fiber bench. The linear polarizer along with the two wave plates (half and quarter) resting on the fiber bench are employed to input linearly polarized light into the panda type PM fiber at Port 2 of the fiber bench. The linearly polarized light after passing through a short section of PM fiber re-enters into the fiber bench through Port 3. Here the light beam travels through a half-wave plate, a polarization beam splitter and then the bandpass filter. The total length of the cavity is around 2.5, producing a cavity mode spacing of around 60 MHz. The thin film bandpass filter with anti-reflection coating has a 3-dB bandwidth of 0.05 nm with less than 1 dB of insertion loss. The polarization beam splitter (PBS) acts as a coupler to couple the light out of the laser as well as to couple light back into the cavity.
The Lyot filter is formed by employing a section of PM fiber together with a linear polarizer. This configuration helped to mitigate the multi-mode operation in the cavity and selected only a SLM. By manually adjusting the half wave plate located before the PBS on the fiber bench, stable SLM output was obtained. The laser can be tuned over the entire Cband by rotating the free space bandpass filter. Fig. 2 shows the output spectra of the fiber ring laser in Cband measured by an OSA with a resolution of 0.01 nm at Port 5 of the fiber bench. The side mode suppression ratio (SMSR) of larger than 60 dB is observed at around 1560 nm. To verify the SLM operation of our proposed laser, we measured the RF spectrum of the laser output with a high speed photodetector connected to an RF spectrum analyzer with 1 MHz resolution. Fig. 4 (a) shows the RF spectrum of the laser. The result confirms that only a SLM exists within the cavity. The inset shows the typical linewidth measurement of the SLM fiber ring laser obtained by using the selfheterodyne method. Assuming the laser spectrum to be Lorentzian-shaped, the 3-dB linewidth of the laser is estimated to be around 1.3 kHz, calculated from the full-width at -10 dB. For a comparison we replaced the PM fiber with a section of standard SMF between Port 2 and Port 3 of the fiber bench. In this case the SLM status is not guaranteed and as a result strong beating frequency components are observed in the spectrum as shown in Fig. 4 (b). 
Conclusion
In conclusion, we have proposed and experimentally demonstrated a stable SLM La-codoped Bi-EDF ring laser. The proposed laser is constructed by using an intra-cavity thin film bandpass filter and a section of PM fiber. The PM fiber together with a linear polarizer serves as a mode-restricting filter and can guarantee a SLM laser operation. The proposed SLM laser has enormous potential for various applications.
